The obligately anaerobic ammonium oxidation (anammox) reaction with nitrite as primary electron acceptor is catalysed by the planctomycete-like bacteria Brocadia anammoxidans, Kuenenia stuttgartiensis and Scalindua sorokinii. The anammox bacteria use a complex reaction mechanism involving hydrazine as an intermediate. They have a unique prokaryotic organelle, the anammoxosome, surrounded by ladderane lipids, which exclusively contains the hydrazine oxidoreductase as the major protein to combine nitrite and ammonia in a one-to-one fashion. In addition to the peculiar microbiology, anammox was shown to be very important in the oceanic nitrogen cycle, and proved to be a very good alternative for treatment of highstrength nitrogenous waste streams. With the assembly of the K. stuttgartiensis genome at Genoscope, Evry, France, the anammox reaction has entered the genomic and proteomic era, enabling the elucidation of many intriguing aspects of this fascinating microbial process.
Introduction
The notion that ammonium could be oxidized under anoxic conditions came from calculations based on the Redfield ratio in marine ecosystems [1] and from theoretical considerations based on thermodynamic calculations [2] . However, it took until 1995 before the anammox (anaerobic ammonium oxidation) process was experimentally demonstrated and documented, in a denitrifying pilot plant at Gist-Brocades, Delft, the Netherlands [3] . The use of a medium sustaining autotrophic growth on ammonium, nitrite and carbon dioxide, and very efficient biomass retention in continuous reactors were the key factors for successful enrichment of the responsible bacteria [4, 5] . However, the dominant bacterium from the community could not yet be isolated in pure culture, but was physically purified using Percoll density-gradient centrifugation [6] . The enrichment cultures and purified cells enabled the identification of the responsible bacteria, a detailed study of their physiology [7, 8] , identification and structural resolution of the unique anammox ladderane lipids and hopanoids [9, 10] , purification of key enzymes [11] and assembly of Kuenenia stuttgartiensis genome at Genoscope, Evry, France. The anammox bacteria form a monophyletic cluster branching off deep in the Order Planctomycetales. Using 16 S rRNA oligonucleotide probes, anammox bacteria were detected in various freshwater and marine ecosystems Key words: ammonium, anaerobic oxidation, hydrazine, hydroxylamine, nitrogen cycle, wastewater. Abbreviations used: anammox, anaerobic ammonium oxidation; AOB, ammonium oxidizing bacteria; NOB, nitrite oxidizing bacteria. 1 To whom correspondence should be addressed (email M.Jetten@science.ru.nl). 2 Present address: Purac Biochem, Gorkum, The Netherlands. 3 Present address: Department of Microbiology, Bayreuth, Germany such as the suboxic zone of the Black Sea [12, 13] . It appeared that anammox could contribute up to 50% to marine N 2 production [14] .
In this overview we will discuss the ecophysiology and biochemistry of the anammox bacteria, followed by a summary on the biodiversity and role of anammox in the global nitrogen cycle. Finally, the application of anammox to water treatment is presented.
The ecophysiology of anammox bacteria
Owing to the availability of laboratory enrichment cultures, the physiology of anammox bacteria has been relatively well characterized. For anammox most data were compiled with enrichment cultures, but key aspects have been verified with physically purified cells of Brocadia anammoxidans [6] .
Anammox is characterized by slow growth and interaction with other bacteria. The anaerobic ammonium oxidizers are always dependent on a nearby source of nitrite. In oxygenlimited bioreactors [15] , often clusters of anammox bacteria are found near clusters of aerobic AOB (ammonium oxidizing bacteria) that convert ammonium into nitrite, and consume the inhibitory oxygen. Alternatively, denitrification or nitrate reduction can also be the source of nitrite [3, 12, 16] that is then used by anammox bacteria. Because the anammox reaction is not hampered by thermodynamic constraints, there is no need for close spatial proximity of the two partners. The doubling time of anammox bacteria in the laboratory was found to be 11 days under optimum conditions and 2-3 weeks on average. The techniques used to cultivate anammox bacteria depend on continuous reactors and efficient biomass retention [5] . Owing to this low growth rate, enrichment cultures from suitable inocula generally take 100-200 days [17] . The biomass yield of anammox bacteria is 0.07 C-mol fixed/mol ammonia oxidized. This yield is approximately the same as for aerobic ammonium oxidation and consistent with the Gibbs free energy change of anammox catabolism [7, 14] . This means that the low growth rate of anammox bacteria is not caused by inefficient energy conservation but by a low substrate-conversion rate. Anammox bacteria are well suited to convert their substrates ammonium and nitrite. They have K s values below the chemical detection level (<5 µM). However, they are reversibly inhibited by very low levels (<1 µM) of oxygen ( Figure 1 ) and irreversibly inhibited by high nitrite (>10 mM) concentrations [5, 7] . High nitrate and ammonia concentrations do not influence the process. One final interesting feature conserved among all anammox bacteria is the production of hydrazine from hydroxylamine [13, 16, 18] .
The cell structure and biochemistry of anammox bacteria
The biochemistry of anammox has been partly elucidated. Because anammox biomass is available from enrichment cultures, enzymes can be purified by classical means. In the absence of pure cultures, additional experiments (e.g. immunogold labelling) are necessary to show that purified enzymes really originate from the anammox bacterium and not from any other bacterium present in the enrichment culture. At present the genome of the anammox bacterium K. stuttgartiensis is being assembled at Genoscope, Evry, France. This will be of great help in the further elucidation of anammox biochemistry.
The anammox pathway was established using 15 N-labelling experiments, which showed that hydrazine was an important intermediate [16, 18] . The occurrence of free hydrazine in microbial nitrogen metabolism seems unique. The hydrazine oxidoreductase was purified from B. anammoxidans [11] . Unique peptide sequences of tryptic fragments were used to locate the hao gene in the K. stuttgartiensis genome. The purified enzyme was also used to raise polyclonal antibodies for localization studies [19] . Using immunogold electron microscopic analysis, the enzyme was found to be present exclusively inside a membrane-bound prokaryotic organelle (the anammoxosome) that made up more than 30% of the cell volume. Furthermore, this dedicated intracytoplasmic compartment was found to be surrounded by a membrane nearly exclusively composed of unique ladderane lipids [9, 20] that had 3-5 linearly concatenated cyclobutane rings. The ladderane lipids occurred both as ether and ester lipids in anammox bacteria. The identification of mixed ether/ ester lipids in the anammox planctomycetes is puzzling. These bacteria are neither thermophiles nor related to archaea, but the mixed ester/ether lipids might reflect their early divergence in the bacterial lineage. Anammox bacteria were shown to fix CO 2 while oxidizing ammonium anaerobically. The pathway of CO 2 fixation is still unknown but based on the large discrimination against 13 C observed (delta 13 C 24-50 % relative to bicarbonate), the reductive pentose phosphate cycle or the reductive acetyl-CoA pathway seem the most likely [13, 21] . Apart from the reduction of nitrite in catabolism, anammox also anaerobically oxidizes part of the nitrite to nitrate. It has been postulated that the oxidation of nitrite supplies the electrons needed for CO 2 fixation via reverse electron transport [4] .
The biodiversity of anammox bacteria
Surveys of many wastewater-treatment systems and freshwater ecosystems using anammox-specific probes and primers revealed the presence of significant populations of anammox bacteria (Figure 2 ). These bacteria belong to three genera: Brocadia including B. anammoxidans [5] and Brocadia fulgida [22] , Kuenenia including K. stuttgartiensis [23, 24] and Scalindua including S. wagneri, S. brodae and S. sorokinii [12, 13] . Phylogenetic analysis (Figure 3 ) has shown that the three genera are monophyletic and branch off deep inside the planctomycete lineage of descent. All three genera share the same metabolism, and have a similar ultrastructure. Thus the capability for anammox seems to have evolved only once. Still, the evolutionary distances among the anammox genera are very large (<85% sequence identity in the 16 S rRNA genes). Such large differences are usual among planctomycetes [13] . Rapid evolution and an early origin have been hypothesized to explain these large sequence divergences. Whereas the former seems unlikely, because all planctomycetes grow relatively slowly, there is some evidence for the latter. Phylogenetic re-analysis of 16 S rRNA genes with noise-reduction algorithms showed that the planctomycetes represent the first or second branch of the Bacterial line of descent, either just before or after the Thermotogales and Aquificales [25, 26] . Phenotypically, planctomycetes produce sterols [10] , contain ether lipids (in the anammox case) and share a proteinaceous cell wall with the archaea. Finally, they all have a differentiated cytoplasm like Eukarya [19] . The genome sequence of Rhodopirellula baltica [27] characterized this bacterium as a typical bacterium, although many genes had best blast hits to Eukarya and Archaea (8 and 9% respectively).
Since anaerobic AOB might represent an ancient lineage and are important in global nitrogen cycling at present (see next section), they may have been even more important in the geological past, when the atmosphere was more reduced. Interestingly, anammox bacteria produce isotopically depleted lipid and hopanoid biomarkers [9, 10] . For anammox, CO 2 fixation strongly discriminates against 13 C leading to ladderane lipids with a delta 13 C of up to − 70‰. These specific and depleted biomarkers may allow for the future investigation of past anammox activity. Since anammox depends on the availability of oxidized nitrogen species, it would be interesting to investigate whether it evolved before or after oxygenic photosynthesis.
Role of anammox in the global nitrogen cycle
Many studies on the occurrence of anammox in natural ecosystems have been carried out in marine ecosystems. Detection and quantification were based on nutrient profiles [28] and laboratory incubation of sediment cores with 15 N-labelled ammonium, nitrate or nitrite. Rates of anammox and denitrification could be measured independently because of the differences in isotope labelling of the N 2 produced. Based on the low-growth rate, it was initially believed that anammox bacteria could not contribute significantly to nitrogen cycling in natural ecosystems such as the ocean [29] . However, since many bacteria grow very slowly in nature, it was no complete surprise when anammox turned out to be very important [14, 16, 30] . So far, there are a few studies describing the occurrence of anammox activity in marine sediments [31] [32] [33] [34] . In the sediments investigated (coastal sediments and continental shelves), nitrate was depleted in the upper few centimetres of the sediments. Since anammox uses nitrite as the electron acceptor, nitrate needs to be reduced to nitrite, using a suitable electron donor. Nitrate itself is the product of chemolithoautotrophic nitrification in the water column above the sediment. Anammox accounted for 20-70% of total N 2 production in those sediments with low organic content. From a different perspective, the contribution of anammox to marine N 2 production was calculated to be 30-50% from the Redfield ratio and the measured phosphate and nitrate concentrations [16, [31] [32] [33] [34] .
Since anammox is an anaerobic process, it is supposed to occur in seawater only when parts of the water column itself are anoxic or oxygen-limited. This is the case, for example, in the Black Sea and many coastal anoxic basins and fjords. In the Black Sea, anammox activity was detected with 15 N tracer studies and nutrient studies, and the responsible bacteria were identified via lipid biomarkers and fluorescence in situ hybridization [12] . In the Golfo Dulce, a 200 m deep coastal bay in Costa Rica [34] , anammox activity was demonstrated with 15 N tracer studies. These studies showed that anammox was responsible for 20-50% of the total N 2 production. Apart from the marine ecosystem, anammox has also been detected in many wastewater-treatment plants all over the world, and recently in freshwater sediments [35] .
Application of the anammox process
The introduction of anammox to N-removal would lead to a 90% reduction in operational costs. Anammox would replace the conventional denitrification step and would also save half of the nitrification aeration costs. In feasibility studies with sludge digestor effluents on a laboratory scale, it was shown that the effluents did not negatively affect the anammox activity [17] , and that anammox biomass could be enriched from activated sludge within 100 days. In separate studies, the possibility of using the partial nitrification process Sharon in combination with anammox was investigated [17, 36] . The effluent of the Sharon reactor was fed to an anammox SBR and all nitrite was removed. The specific activity of the anammox biomass was very high: 0.8 kg N · (kg dry weight) −1 · day −1 and the load could increase to more than 2 kg N · m −3 · day −1 . The Sharon-anammox process is currently implemented in the WWTP Rotterdam [17, 22] , as part of a large EU project. On the basis of the design of the combined Sharon-anammox process, a cost estimate of 0.75 Euro · kg −1 N was made. This is very low compared with the 2-5 Euro · kg −1 N that was calculated for other processes that have been tested on a pilot plant scale for N-removal from sludge digestion liquors [17] . In an alternative approach, partial nitrification and anammox were engineered in a single reactor, under oxygen-limiting conditions (the 'Canon' process). In this setup, aerobic AOB consumed all the oxygen, thus maintaining a very low oxygen concentration in the aggregates and produced nitrite as the electron acceptor for anammox [15, 37, 38] .
The feasibility of the CANON concept has been established by carefully introducing limited amounts of oxygen into anammox reactors. Within 2 weeks, a new stable consortium of aerobic and anaerobic AOB became operative [15, 37] . FISH analysis of the CANON biomass with specific probes showed that about 40% of the community consisted of AOB, and the anammox cells constitute about 40% of the community. No aerobic NOB (nitrite oxidizing bacteria; Nitrospira or Nitrobacter species) were ever detected. Activity tests confirmed the absence of NOB. The NOB are only able to develop in the CANON reactor after prolonged exposure (>1 month) to ammonium limitation [38] .
The upper limits of nitrogen loading of both anammox and CANON processes were explored in gas lift reactors [15] . In this reactor, anammox bacteria were able to remove 8.9 kg N · m −3 reactor · day −1 . In the same setup, the combined action of AOB and anammox bacteria achieved removal of 1.5 kg N · m −3 reactor · day −1 , which is more than sufficient to start application trials.
In a follow-up study, urea was tested as an alternative energy source for the microbial consortium in the CANON reactor system, since urea is a major source of nitrogen input to both wastewater streams and natural ecosystems [39] . When the urea was supplied to the CANON reactor, it was immediately converted into dinitrogen gas and full capacity was reached within two weeks of adaptation [39] . In these two weeks, the urease-positive Nitrosomonas oligotropha and Nitrosomonas nitrosa became the dominant AOB in the CANON systems. Anammox bacteria do not hydrolyse urea themselves, but rely on N. oligotropha and N. nitrosa urease activity to be supplied with sufficient amounts of ammonium and nitrite. Further tests showed that CANON or anammox systems are well suited to treat urine waste streams separately [40, 41] .
Further studies on the application of the anammox process concentrated on addition of NOx which stimulates both aerobic and anaerobic AOB in oxygen-limited systems [42] , on the model of both anammox and CANON processes [43, 44] and on the influence of carbon addition to the anammox process [45] are required.
Conclusions and outlook
What can we expect in this field in the next 10 years? There is no doubt that with the primers and probes that are currently available for the detection of anammox, we will see an explosion in the number of ecosystems that are inhabited by these organisms. The main question that remains to be answered is how important the anammox process is in freshwater ecosystems. The biodiversity in the anammox bacteria will also increase with the study of these new habitats. For anammox we can expect the publication of the genome of K. stuttgartiensis which will be one of the first complete genome sequences of an organism not available in pure culture. The genome will be the basis for many investigations, particularly since it allows anammox research without the painful need for cultivation of the slowly growing anammox bacteria. Cloning and expression of anammox enzymes in E. coli has already begun. Finally, we will see the construction of a significant amount of wastewater treatment units based on the anammox process.
The research on anaerobic ammonium oxidation over the years was financially supported by the European Union EESD EVK1-CT-2000-00054, the Foundation for Applied Sciences (STW), the Foundation of Applied Water Research (STOWA), the Netherlands Foundation for Earth and Life Sciences (NWO-ALW), the Royal Netherlands Academy of Arts and Sciences (KNAW), DSM-Gist, and Paques BV. We gratefully acknowledge the many fruitful national and international collaborations over the past 10 years (for an overview see www. anammox.com). Finally, we thank the many co-workers and students who contributed to the anammox research.
